The Standardized Precipitation Index (SPI) has been recognized as the standard index that should be used for quantifying and reporting meteorological drought. This study aims to present the application of the two-dimensional correlation method for determining the spatial and temporal variability of drought among the SPI series. Heatmaps were used as a new way of visualizing SPI series which enables visual inspection of dry and wet periods. The developed method was applied on 13 meteorological stations in Central Anatolia. Significant variations in drought behaviour were found in the investigated region even for the stations close to each other.
INTRODUCTION
Drought is an extreme natural weather event posing a threat to available water resources and it has been associated with human-induced global warming [1] . Together with the slow but continuous worldwide decrease of total available water [2, 3] and rapidly rising human population, the intensity and frequency of drought events is likely to increase worldwide. Droughts can cause devastating impacts on the environment and on society resulting with higher economic damages than the other catastrophes like earthquakes. Droughts influence both surface water and groundwater resources, therefore, drought modelling has drawn attention of researchers in many fields including ecology, hydrology, meteorology and agriculture [4] . The current research shows that drought will continue to be one of the most important natural disasters faced by the future generations. This increasing threat of extreme weather events also increases the requirement for reliable modelling, estimation and prediction of drought. Accurate evaluation of the existing data on drought allows us to monitor and predict changing drought patterns in spatial and temporal scales. There is a continuous research to understand the behavior of droughts under climate change due to the changes in spatio-temporal variability of precipitation [4] .
Drought contrasts from other natural hazards in that it is difficult to determine the initiation and the end of drought. The effects of drought are seen in many areas including economic, social, and environmental processes. Drought has been classified into four groups: socioeconomic, agricultural, hydrological and meteorological [5] . Generally, the first observed drought is the meteorological (or climatological) drought, later the effects of agricultural drought are seen. Socio-economic drought occurs either together with or after meteorological drought if water supply does not satisfy water demand.
Determination of drought is also a difficult task. Different drought parameters were proposed by researchers in order to define drought as well as to identify the interactions between drought and hydrological/meteorological events (e.g. the Rainfall Anomaly Index (RAI) [6] , the Crop Moisture Index (CMI) [7] , the Standardized Precipitation Index (SPI) [8] , the Surface Water Supply Index (SWSI) [9] , the Percent of Normal Precipitation Index (PNPI) [10] and the Standardized Precipitation-Evapotranspiration Index (SPEI) [11] .
With the aim of detecting, observing and analysing drought events, the SPI has been widely used by researchers as a well-reviewed and robust index since it has a clear computation procedure and a multi-scalar character. The calculation of the SPI, the drought index recommended by the World Meteorological Organisation, requires only the precipitation data as input [12] .
The following are some examples in current literature applying SPI together with other methods aiming at identification of drought. A comparison of SPI and Palmer Drought Severity Index (PDSI) was presented by Guttmann [13] . Drought in the south-western United States were examined using the SPI by Hayes et al. [14] . Keyantash and Dracup [15] used 14 drought indices in United States. Morid et al. [16] used seven meteorological indices which included the Percent of Normal (PN), the Deciles Index (DI), the China-Z index (CZI), the SPI, the Modified CZI (MCZI), the Z-Score and the Effective Drought Index (EDI) for the assessment of drought in Iran. Livada and Assimakopoulos [17] calculated the SPI values by utilising data from 23 stations in Greece. They investigated drought's intensity and duration for a period of 51 years.
A comparison of the Reconnaissance Drought Index (RDI) and SPI was carried out in Iran by Jamshidi et al. [18] . A study by Jain et al. [19] compared SPI, Statistical Z-Score, EDI, Rainfall Departure (RD), CZI, and Rainfall Decile based Drought Index (RDDI) in central India. Bandyopadhyay and Saha used four drought indices (SPI, RAI, Normalized Difference Vegetation Index (NDVI) Anomaly Index (NAI) and Vegetation Condition Index (VCI)) for the analysis of drought in India [20] .
The previous works generally make use of time series graphs for investigating SPI values. This paper presents a new approach where matrices and heatmaps are evaluated for revealing temporal and spatial relationships among SPI series. This approach allows visual and quantitative comparison of SPI series with different durations and also provides information on differences of drought behaviour among stations.
Drought in Turkey
In a climatological viewpoint, the majority of Turkish mainland has a dry and semi-dry property and influence of drought has been frequently experienced in the region throughout history [21] . Even though drought is a serious problem and the severe drought in 1876 had killed about 200.000 people [21, 22] , there is a limited number of scientific studies on drought in Turkey. Some of the existing research were focused on water supply system and drought in Istanbul [23] ; analysis of spatial and temporal patterns [24] and probabilities [25] of drought in Turkey based on the SPI; application of meteorological drought modelling for drought in Turkey [26] and in Central Anatolia [27] ; drought analysis in Antakya-Kahramanmaraş Graben [28] ; analysis of the 2007 and 2013 droughts in Turkey by NOAH Hydrological Model [29] , trend analysis of precipitation and drought in the Aegean region [30] and long-term spatio-temporal drought variability in Turkey [31, 32] .
The drought document of the Turkish Ministry of Agriculture and Forestry states that drought occurs in connection with the irregularities in precipitation events [21] . Figure 1 shows that these significant precipitation variations cause droughts in different severity levels in widespread or local scales in Turkey which is within the Mediterranean macro climate zone in the subtropical belt [33] . The figure shows that Central Anatolia is the most vulnerable region in terms of drought. Therefore, the Central Anatolian Region was selected for the application of the two-dimensional correlation method [34] for a quantitative identification and comparison of temporal drought patterns among selected meteorological observation stations in the region. 
The Study Area and Available Data
The Central Anatolian Region extends over an area of approximately 151.000 km 2 , which is the second largest region of Turkey. It consists of four subbasins (the upper Kızılırmak, the middle Kızılırmak, the upper Sakarya and the Konya basin) ( Figure 2 ). Steppe climate prevails in the region [27, 35, 36] . In this study, precipitation observations from 13 meteorological stations in the Central Anatolian Region listed in Table 1 were used for meteorological drought analysis. This study presents the application of the two-dimensional correlation method for determining the spatial and temporal variability of drought among the SPI series. For this aim, two-dimensional correlation analysis was performed on SPI-1, SPI-3, SPI-6, SPI-9, SPI-12 and SPI-24 series which were calculated for all stations. The following chapter provides a short background information on the calculation of the SPI and the two-dimensional correlation coefficients. Then, the application of the SPI and the two-dimensional correlation methods on available data is described. Finally, the results and conclusions are presented together with some discussion on the new approaches and viewpoints on the investigation of drought variability enabled by the use of the presented methodology.
METHODS

The Standardized Precipitation Index (SPI)
The SPI was introduced by McKee et. al. [12] with the purpose of determining droughts by investigating precipitation data. The SPI is a drought index which is commonly used worldwide [14] . Researchers have been routinely calculating the SPI based on monthly precipitation totals for various durations including 1, 3, 6, 12, 18, 24, 36, 48, and 60 months [15] . The SPI is calculated as follows:
where x i is precipitation, µ is the mean of precipitation and is the standard deviation. Probability distribution function for data is calculated by fitting the gamma function [38] . The data sets are organized for various periods. Later, x is presumed as the monthly total precipitation in the investigated period of time. The gamma distribution function is first fitted to the data accumulated for various time scales. The probability density function of the gamma distribution is defined as:
for x > 0 where, x is the amount of precipitation and Γ(α) is the Gamma function. The following equations are used for calculating α, the shape parameter, and β, the scale parameter.
Here, ̅ is the mean precipitation and A is given by:
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The following equation defines the cumulative probability distribution:
The gamma distribution is undefined when x = 0, and, when the probability of zero precipitation q = P(x = 0) is positive, the cumulative probability is calculated as follows:
The cumulative probability distribution is then transformed into the standard normal distribution to yield the SPI [32] . The following table shows the drought classification according to the ranges of the calculated SPI values. 
Two-dimensional Correlation
The two-dimensional correlation method assesses associations between matrices in two directions by making use of the horizontal and the vertical covariances [34, 40] . The approach is based on the idea that the values of a variable generally have different variances in the horizontal and vertical directions when placed on a matrix. Before giving the equations for the two-dimensional correlation, two-dimensional variance and two-dimensional covariance are defined for a better understanding of the methodology.
Two-dimensional Variance
Variance is the measure of the spread around the average. The following equations show the calculation of the horizontal and the vertical variance:
In the above equations the averages of the m th row and the n th column of the matrix A are indicated by and respectively.
When the column averages in the matrices are more scattered around the overall average, the horizontal variance takes high values and when the column averages are closer to the overall average, the horizontal variance decreases in value. The same situation is valid for the row averages when calculating the vertical variance.
Two-dimensional Covariance
The linear dependence among variables is calculated by covariance which is a quantitative indicator of the co-variation of the variables. In the calculation of two-dimensional correlation, the horizontal covariance provides a measure of how changes in the column averages of one matrix are associated with changes in the column averages of a second matrix. Correspondingly, the vertical covariance provides a similar information among the rows of the compared matrices. The association between the compared variables is generally expected to be high when the covariance takes higher values (positive covariance indicates direct relationship and negative covariance indicates inverse relationship). The horizontal and vertical covariances between scalar matrices A and B are defined by the following equations:
In the above equations, and are the averages of the m th row and the n th column of the matrix B respectively.
Two-dimensional Correlation
Covariance is a scale dependent measure of the joint variability among variables. The covariance is positive when the higher values of a variable correspond with the higher values of the compared variable and the same behavior is observed between the lower values of the variables. Covariance takes negative values when the values of the variables tend to show inverse relationship (i.e., higher values of a variable correspond to the lower values of the compared variable). The value of covariance is influenced with the magnitudes of the compared variables, therefore, its value has to be normalized when there is need for comparison of associations among multiple variable pairs. For example, it would not be reasonable to make comparisons of precipitation series by only using covariance because generally there are significant differences between scales of the observed precipitation series in different basins of varied climate zones. Correlation coefficient, which should be preferred in comparisons of variables, is the scaled and normalized version of covariance and it is dimensionless. Based on the horizontal and the vertical covariance values, the horizontal and vertical correlation coefficients are obtained with the following equations:
The horizontal and the vertical correlations might also be calculated directly as follows:
In the above equations, r h and r v are the horizontal and the vertical correlations between the matrices A and B.
The two-dimensional correlation coefficients provide a quantitative measure of association between rows and columns of the compared matrices. Here in this paper, the SPI values obtained for each month of year are located in rows to generate the SPI matrices for all 13 stations. Then, the two-dimensional correlation coefficients are obtained for each year for each station allowing a quantitative comparison between both the annual drought characteristics of the stations and the differences between the SPI series when different durations are considered (1, 3, 6, 9, 12 and 24 months). For example, it is expected that the SPI series will have different annual averages when the investigated duration varies and quantitative evaluation of these differences will provide information on differences in drought behavior among the stations. The two-dimensional correlation method provides tools for making this deterministic comparison. The details of this process are presented below in Section 4.
RESULTS AND DISCUSSION
The Standardized Precipitation Index (SPI) Analysis
SPI values were computed for the 13 stations in the Central Anatolian Region, for the periods of 1, 3, 6, 9, 12 and 24 months, covering the years 1959-2001 (43 years). As an example, the relative frequencies of the SPI values calculated for the Çankırı station for the 1, 3, 6, 9, 12 and 24 months time periods are given in Figure 3 . Extreme, severe and moderate droughts were identified in the basin. Relative frequencies were also calculated. The results obtained for all stations are displayed in Table 3 .
The results of the SPI analysis indicated that a significant change could not be observed according to the ratios of the dry, normal or wet periods of a single station. However, normal (mild wet) or mild droughts were more frequently encountered in shorter periods (3-6 months) whereas severe and very severe drought was observed during longer time periods (12-24 months) in the Central Anatolian Region. Both cases can be evaluated in a different view for various water resources problems. For instance, a drought with a 3 months duration might have more influence on soil moisture, while underground water resources might be influenced by a drought with a longer duration. The dryness ratios of the stations under investigation in the Central Anatolian Region were determined to vary between 55% and 20%, and the wetness ratios were found to vary between 19% and 13% based on their SPI indices. It was observed that the maximum drought duration increased with the increase of the period. Moreover, when the droughts in the Central Anatolian Region are examined, it has been determined that the duration of droughts tend to increase. Three months SPI indicated a 13 months of drought duration, while 24 months SPI indicated a 72 months of drought duration. After the determination of the SPI values for each station for each period, the degree of relationship between the obtained SPI series were assessed by applying the two-dimensional correlation method. The assessment is made both in terms of the SPI values of each month for each year and in terms of the calculated durations (1-24 months) as explained below.
Figure 3 -Relative frequencies of SPI for the Çankırı Station
Two-dimensional Correlation Analysis
For calculating the horizontal and vertical correlations between each station for each year, all calculated SPI series were located on matrices for each station as shown in the heatmaps generated by using the SPI series of Ankara and Çankırı stations (Figure 4 ). In the heatmaps, the columns for each year start with January and end with December. Ankara and Çankırı stations were selected to introduce the application of the two-dimensional correlation analysis on SPI series. The heatmaps for the remaining 11 stations are presented in the Appendix. As far as the authors know, this representation is used for the first time in literature for the inspection of SPI series and enables a visual evaluation of drought variation both with time and with the variation of investigated period. The darker shades of red indicate the periods with a higher intensity of drought and alternatively, the darker shades of blue indicate the wet periods. Visual comparison of the SPI temporal variability heatmaps of different stations also provides clues about the existence, duration and severity of concurrent droughts. For example, the heatmaps in the Appendix show that a very wet period is observed for most of the cities in the years 1996 and 1997 while a persistent drought was observed in Eskişehir in the same years and it was neither dry nor wet in Aksaray in these years.
Calculation of the two-dimensional correlations between the SPI matrices of different stations provides an opportunity to make a quantitative comparison of associations between the variation of the SPI values both with time and with the evaluated period (1, 3, 6, 9, 12 and 24 months). The two-dimensional Pearson's correlations calculated between the whole SPI matrices of all station pairs present an overall evaluation of the degrees of associations ( Figure 5 ). For a better discrimination of higher and lower associations, this figure uses tones of red for indicating lower values and tones of green for indicating higher values. The stations in Ankara and Çankırı has the highest correlation (0.740) followed by the station pairs Çankırı-Kırıkkale (0.735) and Kayseri-Nevşehir (0.725). These relatively higher correlations point out that drought shows a similar behavior among the stations. Alternatively, the lower correlated pairs might have more significant differences in view of drought behavior. For example, the correlation values obtained for Eskişehir are all close to zero which might indicate that drought variability in Eskişehir has no significant association with the compared stations.
Another finding based on the results in Figure 5 is that there are two groups of stations highly correlated with each other but having lower correlations with the remaining stations. The first group is Ankara, Çankırı, Kırıkkale and Kırşehir stations which are located in the upper section of the region and the correlations between these stations vary between 0.531 and 0.740. The other highly correlated group includes the stations Kayseri, Nevşehir, Niğde, Sivas and Yozgat, which are in the eastern part of the region. The correlations for the second group varies between 0.588 and 0.725.
Figure 4 -SPI matrices for Ankara (top) and Çankırı (bottom) stations showing temporal variability of drought Figure 5 -Two-dimensional Pearson's correlations between the SPI matrices of the stations
The behavior of drought might show variations with the progress of time even though there is a relatively high correlation between the SPI values of the stations. For example, the heatmaps for Ankara and Çankırı shows that drought was more severe in Ankara in 1992 while it was more severe in Çankırı in 1994-1995 period. Therefore, calculation of correlations in annual scale enables determination of the differences between the variations of drought behavior through the investigated duration for the compared stations. Figure 6 shows the two-dimensional Pearson's correlations (r), the horizontal correlations (r h ) and the vertical correlations (r v ) between the SPI matrices of the Ankara and Çankırı stations for each year in the investigated period. This figure also uses tones of red for indicating lower values and tones of green for indicating higher values.
Figure 6 -Two-dimensional Pearson's correlations (r), horizontal correlations (r h ) and vertical correlations (r v ) between the annual SPI matrices of the Ankara and Çankırı stations
An overall inspection of the heatmaps and Figure 6 reveals that the SPI matrices are generally not highly correlated except for a few years including 1961, 1984, 1989 and the 1996-1998 period. It is also seen that there is an inverse relationship between the monthly SPI series for the compared stations in 1977 (r v = -0.324) and that the SPI-1, SPI-3, SPI-6, SPI-9, SPI-12 and SPI-24 series are also inversely related in 1977 (r h = -0.322). This inverse relationship is also validated by the Pearson's correlation for the same year (r = -0.356).
The highest r (0.898) and r h (0.917) values were obtained for 1992 while the highest r v (0.886) was obtained for 1961, all of which are much higher than the correlation between the whole matrices (0.740). All correlations for 1977 are negative (and minimum) indicating an inverse relationship both in the vertical and the horizontal directions. For some years, there are significant differences between the values of r, r h and r v . For example, in the year 2000, r h = 0.756 and r v = 0.424, indicating that the row-wise relationship of SPI values are stronger and that the column-wise relationship is weaker than the association indicated by the Pearson's correlation. Alternatively, in 1982, the row-wise relationship is weaker (r h = 0.479) and the column-wise relationship (r v = 0.708) between the SPI values are stronger. Similar situations are observed in years like 1993, 1967 and 1995 in which a severe drought was observed in both stations as also seen in the heatmaps. The correlation values in Figure 6 provide a clear picture of the variation of the behavior of drought from 1959 to 2001 and show that there are periods where the relationship is strong and there are periods where the relationship is weak or even inverse. This situation was also observed in other stations indicating a strong temporal and spatial variation of drought behavior in the region.
The correlation calculations were made for a total of 77 station pairs, but they are not presented here because of space restrictions and can be downloaded from the following link:
The results for other stations point out that there are significant variations in drought behavior through the investigated period and the variations do not follow a similar trend. The obtained results show that the behavior of drought might show significant differences when investigated annually even though the compared stations are spatially close to each other and even their SPI series are highly correlated. For example, the stations in Kayseri and Nevşehir are very close to each other but through the investigated period of 43 years the correlations were higher than 0.9 for only 3 years (1976, 1996 and 1998) . The average annual correlation for this pair is 0.67, and in some years (1960, 1990 and 1994) the correlations fall under 0.3. The correlations do not show a stable behavior in any of the station pairs. Under the light of the findings of this study, future works might aim at determination of drought frequency and variation of drought severity by evaluating more recent data.
The 2DCorr Software
The software used for the application of the presented methodology was developed in the Visual Studio environment with Visual Basic. The software is an adapted version of the Corr2D software and accepts SPI data matrices as input. The software will be provided freely by the authors upon request together with sample input and output files.
CONCLUSIONS
In this study, SPI values were calculated by using monthly precipitation values of 13 stations in the Central Anatolian Region. Two-dimensional correlations were calculated between the station pairs for investigating variability of drought according to both the annual relationships and the evaluated period (1, 3, 6, 9, 12 and 24 months). The drought periods in the region have shown a cyclic behavior as indicated by the long term observation data. Furthermore, the two-dimensional correlation results have shown that the drought behavior exhibits significant variations even for the station pairs which are highly correlated.
The two-dimensional correlation method provides an in-depth evaluation of the SPI series.
The main conclusion of the study is that there are significant temporal and spatial variations in drought behavior in the investigated Central Anatolian Region which is regarded as the most vulnerable region for drought. The findings indicate that the presented approach might be reliably used in drought assessment and evaluation. Determination of regional variations in drought behavior has an important role in the planning and design of water structures. Therefore, knowledge of drought variability makes an important contribution in making decisions on drought precautions and provides possibilities for better predictions on future droughts. 
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